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We report on the development of a blue light-emitting diode (LED) based incoherent broad-band cavity-enhanced 
absorption spectroscopy (IBBCEAS) instrument for the measurement of the aerosol extinction coefficient at  = 461 
nm. With an effective absorption pathlength of 2.8 km, an optimum detection limit of 0.05 Mm-1 (5×10-10 cm-1) was 
achieved with an averaging time of 84 s. The baseline drift of the developed spectrometer was about ± 0.3 Mm-1 
over 2.5 h (1 standard deviation). The performance of the system was evaluated with laboratory generated 
monodispersed polystyrene latex (PSL) spheres. The retrieved complex refractive index (CRI) of PSL agreed well 
with previously reported values. The relative humidity (RH) dependence of the aerosol extinction coefficient was 
measured using IBBCEAS. The measured extinction enhancement factor f(RH) values for 200 nm dry ammonium 
sulphate particles at different RH were in good agreement with the modeled values. Field performance of the 
aerosol extinction spectrometer was demonstrated at the Hefei Radiation Observatory (HeRO) site.© 2016 Optical 
Society of America 
OCIS codes: (010.1120) Air pollution monitoring; (010.1100) Aerosol detection; (120.6200) Spectrometers and spectroscopic instrumentation.  
http://dx.doi.org/xxxx 
1. INTRODUCTION 
Rapid urbanization and economic development has brought about 
serious environmental problems in the megacities of China. 
Concentrations of fine particles in the air of some Chinese cities, such as 
Beijing, often greatly exceed World Health Organization 
recommendations [1]. Atmospheric aerosols, liquid or solid particles 
suspended in the gaseous medium, are believed to be primarily 
responsible for the degradation of visibility [2-5]. The relationship 
between the visual range (Lv, conventionally in unit of km) and 
extinction coefficient (ext) at  = 550 nm (conventionally in unit of 
Mm-1, 1 Mm-1= 10-8 cm-1) can be described with Köschmeider equation 
[6]:  
 
3
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Depending on the ambient relative humidity (RH), since aerosol 
particles can take up water and they can become larger grow in size, 
leading to dramatic changes in light extinction, the extinction 
enhancement factor f(RH) is therefore a key parameter in assessing the 
aerosol effects on regional air quality, atmospheric visibility, and 
radiative transfer [7-12]. The extinction enhancement factor is defined 
as: 
( , ) ( , ) ( , ).ext extf RH RH Dry      (2) 
where ext (RH,) is the extinction coefficient at a defined RH (typically 
85%), and ext (Dry,) is the corresponding dry extinction coefficient, 
where RH is smaller than 40%. 
The aerosol extinction coefficientcan be directly measured with a 
single-pass [13, 14] or multi-pass [15-17] extinction cell, and more 
recently by cavity-enhanced or cavity ring-down spectroscopy [18-32]. 
Further details can be found in some review papers [33-35]. The 
achievable detection limit of extinction cells is typically about 10 Mm-1, 
limited by the absorption pathlength, which makes it is of practical use 
only for laboratory-generated aerosols or near-source aerosol plumes 
in the ambient atmosphere. 
Cavity-enhanced and cavity ring-down spectroscopy use high-
finesse optical cavities (stable optical resonators with high reflectivity 
mirrors) [36] to realize long effective absorption path lengths (up to 
several kilometers) in a compact resonant cavity (with a base length of 
~ 1 m). These approaches, are highly sensitive (better than 0.1 Mm-1), 
and accurate (< 3%), and are suited to real time, in-situ measurement 
of ambient aerosol extinction. Unlike other approaches, the nature 
suspended state of aerosol is not changed during the measurement. 
Both cavity-enhanced and cavity ring-down spectroscopy are well-
established methods and are now among the most widely used 
spectroscopy techniques for extinction measurement. 
However, most cavity based spectrometers operate at a single-
wavelength and are susceptible to interferences from gas-phase 
absorption that also contribute to the measured extinction. Under this 
condition, extinction measurement with a single instrument is not 
enough : a second instrument or a second gas-phase reference channel 
for simultaneous measurement of gases absorption is required to 
compensate for the influence of gas absorption induced optical 
extinction. In 2011, Langridge et al. [37] described on the design and 
performance of an aircraft instrument utilizing an 8-channel cavity 
ring-down spectrometer for the aerosol extinction measurement : 3 of 
which channels were used for the measurement of dry extinction 
coefficients (RH = 10%) at  = 405, 532, and 662 nm, 2 channels were 
used for the measurement of extinction coefficients at RH = 70%, and 
95% at  = 532 nm, and another 3 additional channels at  = 405, 532, 
and 662 nm were used to account for gas absorption. 
Incoherent broad-band cavity-enhanced absorption spectroscopy 
(IBBCEAS), first demonstrated by Fiedler et al. [38], is a class of 
methods combining high-finesse optical cavities with incoherent 
broad-band light sources, and has recently been widely adopted for 
trace gases and aerosol extinction measurement [39]. The detection 
sensitivity of IBBCEAS is comparable with typical CRDS methods. In 
2009, Varma et al. [40] developed a 20 m long optical cavity for aerosol 
light extinction measurement between 630 – 690 nm at the SAPHIR 
atmospheric simulation chamber, and an intercomparison study of this 
instrument with other two cavity-based spectroscopy has been 
performed [41]. The main advantages of the IBBCEAS method over 
other single-wavelength cavity-based absorption spectroscopy are: 
(1) measurement of aerosol extinction is much less susceptible to 
interferences from gas absorption. The broad-band spectral 
information of IBBCEAS allows multiple absorbing species to be 
quantified simultaneously using a single instrument, and their 
contribution to the total sample extinction can be then removed [41-
43]. This method has been deployed in field applications [44, 45]. 
(2) wavelength-resolved aerosol extinction cross-section over a 
broad spectral region can be measured directly using the IBBCEAS 
method. By combining the number concentrations measurement at 
different particle diameters, wavelength resolved complex refractive 
index (CRI, the only intrinsic optical property of a particle) can be 
retrieved [46-49], which provides a useful tool for studying the optical 
properties research of, for example, brown carbon [34] or secondary 
organic aerosols [35]. 
In this paper, we report on the developed of a compact blue LED 
based IBBCEAS spectrometer for aerosol extinction measurement 
around  = 461 nm. The relative humidity (RH) dependence of aerosol 
extinction was measured with IBBCEAS method. The developed 
spectrometer was tested with laboratory generated aerosols and was 
deployed for ambient air f(RH) measurement in a suburban 
observation site.  
2. EXPERIMENTAL SETUP 
A schematic diagram of the IBBCEAS aerosol extinction 
spectrometer is shown in Fig. 1. A 5W blue LED (LedEngin 
LZ110B200) was used as broad-band light source. The manufacturer 
given peak and the full-width at half maximum (FWHM) values of the 
LED emission spectrum was 460 nm and ~ 25 nm, respectively. The 
LED was mounted on a Peltier heat sink, and controlled with laser 
diode current and temperature drivers to stabilize the light emission 
intensity. The LED light was coupled directly from the LED into a 
multimode fiber of 500 μm core diameter with a numerical aperture 
(NA) of 0.22 (Ocean Optics).The emerging light from the fiber was 
collimated with a SMA air-spaced doublet collimators (f = 34.74 mm, 
NA = 0.26) and then injected into a high-finesse optical cavity. A 
bandpass filter, centered at 450 nm with an FWHM of 40 nm (Thorlabs 
FB 450-40), was located in front of the cavity. 
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Fig. 1. Schematic diagram of the blue LED-based IBBCEAS aerosol 
optical extinction spectrometer. 
 
Fig. 2. Picture of the developed IBBCEAS aerosol extinction 
spectrometer. 
The optical cavity was made of a 70 cm long polished stainless 
steel tube with an inner diameter of 35 mm, with two highly reflective 
mirrors at either end. The distance from the sample inlet to the outlet 
was about 56.6 cm. The sample flow (1.3 L/min) was controlled with a 
mass flow controller at atmospheric pressure. Purified dry filtered air 
at a flow rate of 100 ml/min was introduced near both mirrors to 
prevent mirror contamination by aerosol deposition. The temperature 
and relative humidity of the sample was measured with a hygrometer 
humidity sensor (Rotronic, model HC2) at the outlet of the cavity. Light 
transmitted through the cavity was collimated with a 50 mm focal 
length achromatic lens, and coupled into a multi-mode optical fiber of 
500 μm core diameter and 0.22 NA. The output of the fiber was 
directly connected to a CCD spectrometer (Ocean Optics Maya 2000 
Pro, with a 100 μm slit width and a spectral resolution of 0.25 nm over 
the wavelength range of 411 - 497 nm). All the optical elements were 
assembled on a solid aluminum optical breadboard (102 cm long and 
40 cm wide). A photograph of the aerosol extinction spectrometer is 
shown in Fig. 2.  
3. RESULTS 
3.1. Instrument Stability and Detection Limits 
The mirror reflectivity R() of the developed aerosol extinction 
spectrometer was determined from the Rayleigh scattering of N2 and 
CO2 [50] :  
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where d is the total cavity cell length, ICO2 () and IN2 () are the light 
intensities transmitted through the cavity with CO2 and N2, 
respectively.  2CORay   and  2
N
Ray   are the reference Rayleigh 
absorption cross-sections of CO2 and N2, respectively[51, 52]. The 
value of RL (the ratio of d to the real cell length containing the sample 
when the cavity mirror is purged with filtered air) was determined 
from the absorption measurement of different NO2 concentrations 
with and without mirror purging [43-45, 53]. The purge gas was 
turned off during the calibration of mirror reflectivity with N2 and CO2, 
and turned on during the measurement of aerosol extinction. A scale 
factor of 1.077 (1.4 L/1.3 L) was multiplied to the measurement result 
to account for dilution when the purge gas was on.  
In this work, R() at 461 nm (the wavelength corresponding to the 
peak value of the transmission spectrum of the cavity, which was used 
for data analyzing in this work) was determined to be 0.99979, and RL 
was determined to be 1.18 (with an effective sample length of 59.3 
cm), which led to an effective optical pathlength of about 2.8 km. The 
total uncertainty in the extinction measurement, with dominant 
contribution from the errors in R() (~1%), RL (~ 2%), and particle 
losses in the system (~2%, determined from measuring particle 
number concentrations at the inlet and outlet of the cavity with two 
condensation particle counters) [43, 44], was estimated to be 3%.  
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Fig. 3. Upper panel : time series measurement of particle-free zero air 
sample with a time resolution of 3 s at a wavelength of  = 461 nm 
(long-term variation or stablity). Middle panel : Allan deviation plot of 
the extinction measurements. Lower panel : frequency distribution of 
the extinction measurement (short-term stability, or instrument 
precision).  
The stability and detection sensitivity of the optical system was 
investigated using an Allan variance analysis, as shown in the middle 
panel of Fig. 3. Continuous time series measurement of particle-free 
zero air sample with a time resolution of 3 s (150 ms integrating time, 
and 20 spectra averaging) is shown in the upper panel of Fig. 3. 
Longer-term (2.5 h) base-line drift of the instrument was estimated to 
be ± 0.3 Mm-1 (1standard deviation). With 3 s averaging time, the 
detection sensitivity was 0.17 Mm-1. For optimum detection 
performance, a minimum detection limit of 0.05 Mm-1 was attained 
with 84 s averaging time. This sensitivity is comparable with the state-
of-the-art performance of extinction detection (0.02 Mm-1 with 10 s 
integration time) [25]. 
The frequency distribution of the extinction measurement is 
shown in the lower panel of Fig. 3. A Gaussian distribution was used for 
the histograms fit to obtain the mean and standard deviation (a 
measure of the instrument precision) of the particle-free zero air 
measurement. The corresponding confidence interval (2n-1/2, where 
n is the number of data points) was 0.01 Mm-1. The 1 standard 
deviation of 0.34 Mm-1 of the histogram was consistent with the 1 
standard deviation of 0.30 Mm-1 determined from the continuous 
measurement shown in the upper panel, as would be expected.  
3.2. Laboratory Results 
The performance of the cavity-enhanced aerosol extinction 
spectrometer was evaluated using the measurement of laboratory-
generated, NIST traceable monodispersed polystyrene latex (PSL) 
spheres with 6 different diameters. The method and the aerosol 
generation system were the same as reported in our previous work 
[43, 44]. Polydispersed aerosol were generated with TSI 3076 constant 
output atomizer, and then dried with a silica gel column dryer. After 
neutralizing with TSI 3077 aerosol neutralizer, size selected aerosol 
was generated by an electrostatic classifier (TSI differential mobility 
analyzer, 3080L) [43, 44].  
Figure 4 shows the plot of the measured extinction coefficient 
versus the particle number concentrations for 200 nm, 240 nm, 300 
nm, 350 nm, 400 nm, and 500 nm nonabsorbing PSL particles, 
respectively. The particle number concentrations were measured with 
a condensation particle counter (CPC 3776). The extinction cross-
sections were derived from the slopes of the linear fits of the measured 
extinction coefficients to the measured particle number concentrations.  
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Fig. 4. Extinction coefficients as a function of particle number 
concentration at  = 461 nm for PSL spheres at 200, 240, 300, 350, 400 
and 500 nm diameters, respectively. The slope of each linear fit 
represents the extinction cross-section of each PSL size.  
The extinction coefficient of particles are calculated based on [21]: 
 
2( ) ( , ) .
4
ext extN D D Q m x dD

    (4) 
where x = D/ is the size parameter, m = n + ik is the CRI of the 
particle (where n and k correspond to light scattering and absorption 
by aerosol, respectively). N is the number of particles per unit volume 
in the size bin dD with mean diameter D, and /4D2Qext(m,x) is the 
extinction cross section (ext) and can be obtained from the ratio of the 
measured ext to particle number concentration (ext = ext/N, as 
shown in Fig. 4). For chemically homogeneous spherical particles, the 
extinction efficiency (Qext = 4ext/D2) can be calculated from Mie 
theory. 
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Fig. 5. The extinction efficiency (Qext) as a function of particle diameter 
for six different sizes PSL particle at  = 461 nm. 
A plot of the measured Qext (derived from Fig. 4) as a function of 
particle diameter is shown in Fig. 5. A merit function was used for the 
retrieval of CRI [43, 44]: 
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where Q is the standard deviation of the measured Q values for each 
diameter particle. 2 was calculated for a wide range of n and k values. 
The best-fit result gives the lowest value of the merit function (2). The 
values of n and k that satisfy 2 = 2 + 2.298 are considered as the 1 
upper and lower bound of the CRI [24, 26].  
The retrieved CRI for PSL particles was
0.002 0.001
0 0.0041.604 0.022m i
 
    at  = 461 nm, which agreed well 
with the value (m =1.60±0.02 + i0.01±0.03) reported by Lang-Yona et 
al. with continuous wave cavity ring down aerosol spectrometer at  = 
532 nm [54], and the value (m = 1.633±0.05 + i0.000±0.005) reported 
by Washenfelder et al. with a similar IBBCEAS broadband cavity 
method at  = 420 nm[46]. These results show that the laboratory 
performance of our extinction spectrometer is qualitatively and 
quantitatively comparable to CRDS instruments and other IBBCEAS 
instruments, confirming that the developed spectrometer is suitable 
for high sensitive and accuracy measurement of aerosol extinction. 
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Fig. 6. RH dependence of extinction for 200 nm dry diameter 
ammonium sulphate particles. 
The validation of the f(RH) measurement was performed with 
laboratory-generated ammonium sulfate (AS). The sample aerosol was 
generated using a constant output atomizer (TSI 3076) with purified 
compressed zero air, dried with a silica gel column dryer, and then 
neutralized with an aerosol neutralizer (TSI 3077) to obtain an 
equilibrium charge distribution. Size-selected 200 nm dry AS aerosol 
was selected with an electrostatic classifier (TSI 3080 differential 
mobility analyzer) and used to demonstrate the quantitative validity of 
the RH measurement. The test was performed by varying the relative 
humidity. A temperature controlled Nafion-humidifier [55, 56] (Perma 
Pure PD-100T-24, with de-ionized water humidification) was used to 
control the RH of the sample. A measured humidogram of extinction 
coefficients under different RH is shown in Fig. 6. 
The hygroscopic growth factor of particle diameter, GF(RH), can be 
calculated according to [11]: 
( )
( ) .
( )
D RH
GF RH
D Dry
   (6) 
where D(RH) is the mobility diameter of AS at a specific RH, and D(Dry) 
is the dry diameter. GF(RH) represents the relative increase in the 
mobility diameter due to the water uptake at a specific RH, and in this 
work, the values of GF(RH) under different RH were calculated with 
Extended Aerosol Inorganics Model (E-AIM) [57] for further 
application in the model calculation of the optical growth factor, f(RH) 
[11]: 
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The extinction efficiency of dry (Qext,dry) and humidified (Qext,RH) AS can 
be calculated by using Mie theory with the CRI value of AS, and wet 
particles (mwet,AS), respectively. mwet,AS, the volume weighted CRI, can be 
calculated using the volume weighted mixing rule with CRI values of 
mAS = 1.538 + i 0 [43], and mw = 1.335 + i 0 [11] for AS and water, 
respectively [11]: 
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As shown in Fig. 6, the measured values agreed well with the 
modeled f(RH) values. The abrupt increase in extinction is caused by 
the deliquescence of AS particles. The measured deliquescence point of 
AS agreed well with the value reported by Bremet al. [10] using an 
extinction cell. The measured f(RH= 80%) of 3.8 also agreed well with 
the reported value of 3.7 at  = 532 nm by Flores et al. [11]. In general, 
the results demonstrated that the newly-developed IBBCEAS aerosol 
extinction spectrometer provides a high quantity measurement of 
f(RH). 
3.3. Ambient Measurements 
Field application of the instrument was carried out for 
demonstration purposes at the Hefei Radiation Observatory (HeRO) 
site (31.90°N, 117.17°E) [58, 59] during the period of 2 Nov. to 5 Nov. 
2015. The instruments were installed in a temperature controlled 
room (the temperature inside the extinction spectrometer enclosure 
was maintained at 25.6 ± 0.2 °C), with the sample inlet about 1 m 
above the roof. The inlet consisted of a PM1.0 ambient size cut (SF-
PM1.0, Sven Lecker Ingenieurburo GmbH) with a 50% cut point at 1.0 
m. The sample air was dried to below 20% by using a diffusion drier, 
and then was divided into 3 channels : the first channel was used for 
the size distribution measurement with a scanning mobility particle 
sizer (SMPS) with a time resolution of 2 min; the second channel was 
used to measure the dry extinction coefficient at  = 461 nm with the 
previously developed cavity-enhanced aerosol albedometer [44, 45]; 
and the third channel was used to measure the extinction of the wet 
particles with the IBBCEAS aerosol extinction spectrometer. The 
system was operated in constant humidity mode. The RH of the wet 
sample was maintained at 85%. The extinction growth factor at  = 
461 nm thus can be obtained directly from the ratio of the wet and dry 
channel.  
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Fig. 7. Upper panel : time series of the aerosol number size distribution 
of dry PM1.0 particles measured by SMPS. Lower panel : extinction 
coefficient of dry PM1.0 sample, 85% RH humidified sample, and the 
extinction enhancement factor (f(RH)). 
Figure 7 shows the temporal variations of the size distribution and 
the optical properties. The dry and wet extinction coefficients varied 
with the particle number concentrations, however, the f(RH) showed a 
rather different pattern. For example, large f(RH) values were 
observed on the afternoon of November 4th (a declining state of haze, 
and the corresponding particle number concentration also decreased). 
These observations suggest that the chemical composition may play an 
important role in the hygroscopic growth of extinction coefficient.  
4. CONCLUSION 
In this paper, we report the development of an IBBCEAS-based 
aerosol extinction spectrometer for highly sensitive and accurate 
measurement of aerosol extinction coefficient at  = 461 nm. The 
performance evaluation of the developed instrument was tested with 
laboratory-generated monodispersed PSL, and the retrieved CRI 
agreed well with literature values. The suitability of the IBBCEAS 
extinction spectrometer for optical hygroscopic growth was tested 
with laboratory-generated AS aerosol. The measured results agreed 
well with the modeled f(RH) values. The instrument was further 
deployed in field measurements. These results demonstrated that the 
IBBCEAS-based extinction spectrometer provides a valuable method 
for high quality measurements of aerosol extinction coefficient and 
hygroscopic growth of extinction coefficient at high RH condition.  
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